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Abstract 
Temperate coniferous forests sustain the highest levels of biomass of all terrestrial ecosystems and 
belong to the major carbon sinks on Earth. However, the community composition and its functional 
diversity depending on the habitat have yet to be unveiled. Here, we analyzed the proteomes from litter, 
plant roots, rhizosphere, and bulk soil in a temperate coniferous forest at two time points to improve the 
understanding of the interplay between bacterial and eukaryotic communities in different habitats. Our 
metaproteomic approach yielded a total of 139,127 proteins that allowed to differentiate the contribution 
of microbial taxa to protein expression as well as the general functionality based on KEGG Orthology in 
each habitat. The pool of expressed carbohydrate-active enzymes (CAZymes) was dominated by fungal 
proteins. While CAZymes in roots and litter targeted mostly the structural biopolymers of plant origin such 
as lignin and cellulose, the majority of CAZymes in bulk and rhizosphere soil targeted oligosaccharides, 
starch, and glycogen. Proteins involved in nitrogen cycling were mainly of bacterial origin. Most nitrogen 
cycling proteins in litter and roots participated in ammonium assimilation while those performing 
nitrification were the most abundant in bulk and rhizosphere soil. Together, our results indicated niche 
differentiation of the microbial involvement in carbon and nitrogen cycling in a temperate coniferous 
forest topsoil. 
Keywords 
Temperate coniferous forest, Metaproteome, Habitats of topsoil, Carbon and nitrogen, Cycling, CAZymes 
Disciplines 
Bioresource and Agricultural Engineering | Environmental Microbiology and Microbial Ecology | Forest 
Biology 
Comments 
This article is published as Robert Starke, Rubén López Mondéjar, Zander Rainer Human, Diana 
Navrátilová, Martina Štursová, Tomáš Větrovský, Heather M. Olson, Daniel J. Orton, Stephen J. Callister, 
Mary S. Lipton, Adina Howe, Lee Ann McCue, Christa Pennacchio, Igor Grigoriev, and Petr Baldrian. "Niche 
differentiation of bacteria and fungi in carbon and nitrogen cycling of different habitats in a temperate 
coniferous forest: A metaproteomic approach." Soil Biology and Biochemistry (2021): 108170. DOI: 
10.1016/j.soilbio.2021.108170. 
Authors 
Robert Starke, Rubén López Mondéjar, Zander Rainer Human, Diana Navrátilová, Martina Štursová, Tomáš 
Větrovský, Heather M. Olson, Daniel J. Orton, Stephen J. Callister, Mary S. Lipton, Adina Howe, Lee Ann 
McCue, Christa Pennacchio, Igor Grigoriev, and Petr Baldrian 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/abe_eng_pubs/1186 
Soil Biology and Biochemistry 155 (2021) 108170
Available online 9 February 2021
0038-0717/© 2021 Elsevier Ltd. All rights reserved.
Niche differentiation of bacteria and fungi in carbon and nitrogen cycling of 
different habitats in a temperate coniferous forest: A 
metaproteomic approach 
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A B S T R A C T   
Temperate coniferous forests sustain the highest levels of biomass of all terrestrial ecosystems and belong to the 
major carbon sinks on Earth. However, the community composition and its functional diversity depending on the 
habitat have yet to be unveiled. Here, we analyzed the proteomes from litter, plant roots, rhizosphere, and bulk 
soil in a temperate coniferous forest at two time points to improve the understanding of the interplay between 
bacterial and eukaryotic communities in different habitats. Our metaproteomic approach yielded a total of 
139,127 proteins that allowed to differentiate the contribution of microbial taxa to protein expression as well as 
the general functionality based on KEGG Orthology in each habitat. The pool of expressed carbohydrate-active 
enzymes (CAZymes) was dominated by fungal proteins. While CAZymes in roots and litter targeted mostly the 
structural biopolymers of plant origin such as lignin and cellulose, the majority of CAZymes in bulk and 
rhizosphere soil targeted oligosaccharides, starch, and glycogen. Proteins involved in nitrogen cycling were 
mainly of bacterial origin. Most nitrogen cycling proteins in litter and roots participated in ammonium assimi-
lation while those performing nitrification were the most abundant in bulk and rhizosphere soil. Together, our 
results indicated niche differentiation of the microbial involvement in carbon and nitrogen cycling in a temperate 
coniferous forest topsoil.   
1. Introduction 
A large share of the Earth’s carbon (C) resides in living trees, forest 
vegetation and soil microbial biomass of temperate coniferous forests 
(Pan et al., 2011). Understanding their functional responses to global 
change is important for predictive climate modelling as they act as both 
C sources and sinks. The C cycling in forest topsoil is highly integrated 
within the biosphere. Its complex dynamics are influenced by both soil 
community functions and a heterogeneous trophic environment. Soil 
microbes contribute to a variety of ecosystem functions such as the 
decomposition of organic matter, tree root symbiosis and pathogenicity. 
Microbes inhabiting litter, on the other hand, depend on complex 
litter-bound nutrients recycled by microbial decomposition that is partly 
mineralized and partly transformed into organic matter, which accu-
mulates in the forest floor (Baldrian, 2017). Plant root symbionts, 
especially mycorrhizal fungi, act as important regulators of plant pro-
ductivity and are responsible for the acquisition of limiting nutrients 
such as nitrogen (N) or phosphorus (Van Der Heijden et al., 2008), 
especially in nutrient-poor ecosystems (Franklin et al., 2014). Mycor-
rhizal fungi dominate the fungal community in the coniferous forest 
soils below the litter layer (Lindahl et al., 2007) and represent poten-
tially the largest pool of microbial biomass (Ekblad et al., 2013). By 
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extending the tree roots by their hyphae, they mediate the flow of 
tree-derived C through its roots into the soil, which can account for more 
than 30% of total primary production in these ecosystems (Clemmensen 
et al., 2013; Franklin et al., 2014). The topsoil clearly represents the 
major compartment of C storage and microbial activity in coniferous 
forests but understanding the processes of C and nutrient cycling is, 
however, complicated due to its spatial heterogeneity resulting from the 
existence of four habitats: litter, plant roots, rhizosphere, and bulk soil 
that are distinct in many respects (Baldrian, 2017). In addition to the 
fact that soil and rhizosphere contains smaller amount of organic matter 
than litter and roots, roots represent a habitat where the bulk of the plant 
biomass is living and thus not readily degraded. Furthermore, spruce 
litter and roots also differ in the content of major biopolymers: brown 
spruce needles contain around 32% lignin, 29% cellulose and 21% 
hemicelluloses (Johansson, 1995) while fine spruce roots (<2 mm) are 
reported to contain more lignin (34%) and less cellulose (20%) and 
hemicelluloses (9% (Hobbie et al., 2010);). Therefore, the application of 
the same analytical tools to all these habitats is the best option to un-
derstand and to relate their functions in ecosystem processes that reflect 
their properties. 
Specific functions of the topsoil organisms can be statistically infer-
red based upon the homology of genes, transcripts or proteins that are 
present to experimentally characterized genes and proteins in known 
organisms. This so-called ortholog annotation is performed by the 
comparison to phylogenomic databases, covering either a wide range of 
functional classes, e.g., KEGG Orthology (Kanehisa et al., 2016a,b) or 
more specific subsets, such as the carbohydrate-active enzymes 
(CAZymes) (Lombard et al., 2014) involved in C cycling. Processes of C 
cycling are closely related to N cycling as their ratio can be used to 
identify the origin of a source (Müller, 1977; Ishiwatari and Uzaki, 1987; 
Prahl et al., 1994). The theory of ecological stoichiometry suggests that 
strictly homeostatic organisms have low nitrogen use efficiency (NUE) 
but high carbon use efficiency (CUE) at low substrate C/N-ratios 
(Sterner and Elser, 2002). By contrast, these organisms are expected to 
lower their CUE while increasing their NUE at high substrate C/N-ratios 
(Mooshammer et al., 2014). Logically, there exists a threshold elemental 
ratio (TER) that defines the elemental ratio at which the metabolic 
control of an ecological system switches from C limitation to N limita-
tion (Urabe and Watanabe, 1992; Anderson and Hessen, 1995). The 
result is an inverse relationship between C and N cycling separated by 
the TER (Mooshammer et al., 2014) that may yield a different set of 
partaking microbes (Starke, 2017). In coniferous forest soils, a variety of 
C sources of different complexity are decomposed with a vast arsenal of 
glycoside hydrolases (GHs) that hydrolyze glycosidic bonds (Lombard 
et al., 2014). The functional classification comprises families of 
structurally-related catalytic and carbohydrate-binding modules or 
functional domains of enzymes that degrade, modify or create glycosidic 
bonds (Lombard et al., 2014), and are thus important for the breakdown 
of the different components of biomass: cellulose, hemicellulose and 
pectin from plant, chitin from fungal and peptidoglycan from bacterial 
cell walls. Importantly, however, members of the same CAZymes family 
can catalyze different reactions and their family membership may not 
sufficiently indicate the targets of their activity (López-Mondéjar et al., 
2016) as seen in the family GH5. In addition to GHs, CAZymes include 
glycosyl transferases (GTs), carbohydrate esterases (CEs) and poly-
saccharide lyases (PLs) involved in the decomposition processes as well 
as auxiliary activities (AA) that cover redox enzymes acting in 
conjunction with CAZymes. The AA class is key for the decomposition of 
lignin by oxidative enzymes (Levasseur et al., 2013). On the other hand, 
N is available in the environment in different chemical forms: organic 
nitrogen, ammonium, nitrite, nitrate, nitrous oxide, nitric oxide, and 
inorganic nitrogen gas. Several enzymes predominantly produced by 
microorganisms are involved in their interconversions during assimila-
tion, denitrification, nitrification or nitrogen fixation (Simon and Klotz, 
2013; Sparacino-Watkins et al., 2014). For the global N budget, nitrogen 
fixation in natural ecosystems (Vitousek et al., 2013) as well as 
agricultural systems (Fowler et al., 2013), the emission of oxidized N 
forms from soil (Pilegaard, 2013) and of ammonium in terrestrial eco-
systems (Sutton et al., 2013) were previously deemed important. 
The use of metaproteomics became more and more popular to study 
how microbes contribute to soil ecosystem services (Von Bergen et al., 
2013) as proteins not only provide both functional and taxonomic in-
formation (Hettich et al., 2013; Von Bergen et al., 2013; Wilmes et al., 
2015), but also represent the catalysts of important biochemical re-
actions (Wong, 2009). In favor of using proteins are: (i) the extracellular 
activity of soil proteins that can persist and remain active through the 
stabilization by humic substances and clay (Burns et al., 2013) whereas 
up to 40% of DNA (Carini et al., 2016) and 6% of RNA (Papp et al., 2018) 
were reported to derive from dead cells; (ii) the limitations of nucleic 
acids sequencing such as quantitative accuracy (Feinstein et al., 2009; 
Hungate et al., 2015), which may result in biased proportions of com-
munity members or functions; (iii) the difference between mRNA and 
protein levels depending on the temporal scale, on the complexity of the 
biological system and on the type of perturbation (Liu and Aebersold, 
2016). Methodological advances, such as two-dimensional liquid chro-
matography (Callister et al., 2018) and site specific databases from 
sequencing approaches, now allow for a high protein identification rate 
that makes it possible to detect proteins with low relative abundance, 
such as CAZymes or proteins related to N cycling. Even though they are 
essential for the ecosystem functioning, they make up only a small part 
of the proteome that is dominated by structural proteins and proteins 
participating in the central metabolism. 
In this study, we used a metaproteomic approach combining a site 
specific database comprising metagenomes, metatranscriptomes and 
fungal genomes together with two-dimensional liquid chromatography 
(Callister et al., 2018) to unveil the taxonomic and functional compo-
sition of the metaproteome in a temperate coniferous forest. In addition 
to describing the general functionality using KEGG Orthology, we have 
specifically addressed CAZymes that are involved in C cycling and 
proteins involved in N cycling. Four contrasting habitats – litter, plant 
roots, rhizosphere, and bulk soil, were compared to unveil habitat spe-
cific functions. We hypothesized that the utilization of plant bio-
polymers performed by fungi will be highest in litter, while components 
of microbial biomass targeted largely by bacteria (Lladó et al., 2017; 
López-Mondéjar et al., 2018) will be more important in soil and rhizo-
sphere. Due to the high C/N-ratio and the high share of biomass-derived 
C in litter, we also expected that the incorporation of ammonia will be 
higher in litter compared to rhizosphere and soil where the share of 
inorganic N is higher and the C/N-ratio is lower (Baldrian et al., 2012). 
2. Material and methods 
2.1. Study area and sample collection 
The study area was located at high altitudes (1170–1200 m) of the 
Bohemian Forest mountain range (Central Europe; 49◦02 N, 13◦37 E) 
and was covered by an unmanaged Norway spruce (Picea abies (L.) H. 
Karst.) forest. The mean annual temperature was 5 ◦C and the mean 
annual precipitation was 1000 mm. The understory was either missing 
or composed of grasses (Avenella, Calamagrostis), bilberries (Vaccinium) 
and mosses. The same study area was explored previously to identify the 
total and active microbial communities and the analysis of microbiome 
activity (Baldrian et al., 2012; Žifčáková et al., 2016). To account for 
potential seasonal variation, samples were collected at two time points, 
on 09/22/2015 - peak of vegetation season represented by the highest 
belowground allocation of photosynthates (Hansson et al., 2013) and on 
03/22/2016 (end of winter). At five sites, located approximately 250 m 
from each other, sixteen soil cores (4 cm diameter) were collected from a 
defined area of 3 × 3 m. Litter (2–4 cm thickness), soil (organic horizon, 
3–6 cm of depth), rhizosphere soil (soil adhering to plant roots that had 
to be manually detached) and plant roots (<2 mm in diameter) them-
selves were separated from each other. Organic horizon of soil was 
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selected for sampling since it contains the bulk of the microbial biomass, 
roots, and ectomycorrhizal mycelia in this system (Žifčáková et al., 
2016). Moreover, due to the stony nature of the site, mineral horizon is 
often present only as random pockets between stones and cannot be 
reasonably sampled. Litter was cut into 0.5 cm pieces and mixed, soil 
was passed through a 5-mm sterile mesh and mixed, and the same was 
later done for rhizosphere soil. Due to the need for immediate freezing in 
liquid nitrogen, roots were washed on site in sterile deionized water 
until all visible soil material was removed. All root material was pooled 
per site and sampling time resulting in a total of 40 samples (5 sites ×
four habitats × two seasons). All samples were immediately frozen in 
liquid nitrogen and stored on dry ice. Samples for nucleic acid extraction 
were stored at − 80 ◦C, samples for metaproteome analysis were 
freeze-dried and stored at − 45 ◦C. 
2.2. Litter and soil chemistry 
Soil physicochemical parameters were measured in an external lab-
oratory. Litter, soil and root samples were powdered prior to all ana-
lyses. Powdered root samples were included in C and N analysis. pH was 
measured by mixing powdered samples with either 5 mL of deionized 
water or KCl shaken for 5 min on orbital shaker before measurement on 
a laboratory pH meter (WTW Multilab 540). C and N content was 
measured by combustion of powdered material in 100% O2 at 1000 ◦C, 
and the amount of oxidized C and N recorded in a Flash 2000 elemental 
analyser (Thermo Scientific) and analyzed with Eager Xperience soft-
ware (Thermo Scientific) to get its relative content. Organic carbon and 
carbonate content were measured with a second, parallel analysis of the 
sample after decomposition with hydrochloric acid and fumigation of 
the released carbon dioxide. Nitrate and ammonium ions were extracted 
in 0.5 M potassium sulphate solution, filtered, and then quantified by 
injection into a Quikchem FIA 8000 (Lachat Instruments, Colorado, 
USA) autoanalyser instrument and processed using Omnion 3.0 software 
(Lachat Instruments, Colorado, USA). Available Ca, K, and Mg was 
measured after extraction in Mehlich II solution in a 1:5 sample: 
extractant ratio and then quantified by atomic absorption spectropho-
tometry in a Analytik Jena ConrAA 700 (Jena, Germany). 
2.3. Protein extraction 
Protein extractions were performed according to previously 
described protocols (Nakayasu et al., 2016; Callister et al., 2018) with 
minor modifications. Extractions were performed from 2 g of lyophilized 
rhizosphere soil and bulk soil samples. Briefly, proteins were extracted 
by the sequential addition of Millipore ultrapure water (Millipore, Bill-
erica, MA), ice-cold methanol and chloroform to a final ratio of 8:4:2 
chloroform:methanol:water (v/v). A mixture of 0.9–2.0 mm stainless 
steel beads, 0.1 mm garnet beads and 0.1 mm zirconia beads were added 
to these samples. Cells were lysed using a combination of horizontal 
vortexing and sonication with a probe sonicator at 20% amplitude for 
30 s. Protein extractions from roots and litter were performed from 1 g of 
lyophilized samples reconstituted in Millipore, ultrapure water. Samples 
were homogenized with an Omni handheld homogenizer (Omni Inter-
national, Marietta, GA) with disposable tips after adding ice-cold 
methanol. After homogenization, chloroform was added to obtain a 
final ratio of 8:4:2 chloroform:methanol:water (v/v). The aqueous and 
organic phases of the extracts were separated by centrifugation, and 
after discarding the upper methanol phase, the middle chloroform 
interphase and the bottom debris pellets were collected in separate clean 
50 mL tubes. The protein interphase and debris pellets were precipitated 
in methanol, and the resulting pellets resuspended in a protein solubi-
lization buffer (4% SDS and 100 mM DTT in 50 mM Tris buffer, pH 8.0, 
aided by sonication and shaking. A final concentration of 20% tri-
chloroacetic acid was added to the clean supernatants, after which it was 
centrifuged, and the pellets collected. These protein pellets were washed 
three times in acetone, and in the final wash step, the protein-containing 
solutions were transferred to 2 mL tubes and the pellets collected by 
centrifugation. The Filter-Aided-Sample-Preparation (FASP, Expedeon 
LTD, UK) digestion method was used for digestion of protein pellets. 
Protein pellets were resuspended in UPX buffer (Expedeon LTD, UK) and 
transferred to the spin columns provided in the FASP kit along with 8 M 
urea in 100 mM ammonium bicarbonate. Spin columns were washed 
three times with a urea buffer, followed by two washes with 25 mM 
ammonium bicarbonate. The spin columns were then transferred to 
clean collection tubes, and protein digestion performed in 100 mM 
NH4HCO3 and 4 μg trypsin on the spin columns. The digested peptides 
were collected by centrifugation, and any remaining peptides were 
collected with another addition of NH4HCO3. The eluent was concen-
trated to 30 μL using a SpeedVac at room temperature and a vacuum of 
1 Torr. The concentrations were measured with a bicinchoninic acid 
(BCA) assay (Thermo Fisher Scientific, Waltham, MA). Samples were 
diluted to 0.1 μg per μL for LC-MS analysis. 
2.4. Mass spectrometric measurement 
Peptides from each sample were separated using two different 
orthogonal separation strategies directly coupled to the mass spec-
trometer generating 12 fractions and 12 MS/MS datasets per sample 
(Callister et al., 2018) with a run time of 26 h per sample for a total of 
562 MS/MS datasets. For the first and additional dimension of liquid 
chromatography to traditional mass spectrometric measurements, pep-
tides were diluted in 10 mM NH4HCO2 (pH 10.0) and separated into 12 
fractions using a commercial Waters (Milford, MA) XBridge 5 μm par-
ticle size C18 column (4.6 mm i. d. x 250 mm length) with an attached 
20 mm long ×4.6 mm i. d. guard column at 0.5 mL min− 1 using an 
Agilent 1100 series HPLC system (Agilent Technologies, SantaClara, CA) 
with two mobile phases: A) 10 mM NH4HCO2 (pH 10.0), and B) 10 mM 
NH4HCO2 (pH 10.0) with acetonitrile (v/v 10:90) and eluted with 
increasing concentrations of B from 0% to 70% over 120 min. All frac-
tions were dried under vacuum and resuspended in 15 μl 10 mM 
NH4HCO2 (pH 10.0). For the second dimension of liquid chromatog-
raphy, the peptides of each of the 12 fractions were separated and eluted 
with the same setup as describe above but, instead of fractionating the 
eluted peptides, the peptides were ionized with electrospray emitters 
made in-house using 150 μm o.d. x 20 μm i.d. chemically etched fused 
silica (Kelly et al., 2006) and sprayed into the tandem mass spectrometry 
(MS/MS), a Q-Exactive HF mass spectrometer (Thermo Scientific, San 
Jose, CA) that included a Pacific Northwest National Laboratory 
(PNNL)-designed nano-electrospray ionization interface (Callister et al., 
2018). The ion transfer tube temperature and spray voltage were 300◦C 
and 2.2 kV, respectively. For each fraction, data were collected for 100 
min. Mass spectra were acquired from 400 to 2000 m z− 1 at a resolution 
of 60 k and automatic gain control (AGC) target of 3 × 106. The top 12 
precursors were selected for higher-energy collisional dissociation 
(HCD) MS/MS spectra acquired in data-dependent mode with an isola-
tion window of 2.0 Th and at a resolution of 17,500 (AGC target of 1 ×
105) using a normalized collision energy of 30 and a 30 s dynamic 
exclusion time. 
2.5. Database generation and metaproteome annotation 
MSConvert (Mayampurath et al., 2008) was used to convert prote-
ome datasets into.dta search files in preparation for amino acid sequence 
assignment using the MS-GF + search algorithm (Kim et al., 2008) in 
combination with the study site specific database comprising meta-
genomes and metatranscriptomes that derived from the same samples as 
the proteins. To obtain these, DNA and RNA were extracted and libraries 
were prepared as described previously (Žifčáková et al., 2016, 2017) 
except for the spruce roots where RNA was extracted and purified using 
the Nucleospin RNA Plant Kit (Macherey Nagel). All libraries were 
sequenced on an Illumina HiSeq2000 in the Joint Genome Institute, 
Walnut Creek, USA, to generate 150-base paired-end reads. 
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Metagenome and metatranscriptome samples were assembled as 
described previously (Žifčáková et al., 2016, 2017). Briefly, Trimmo-
matic 0.36 (Bolger et al., 2014) and FASTX-Toolkit (http://hannonlab. 
cshl.edu/fastx_toolkit/) were used to remove adaptor contamination, 
trim low-quality ends of reads and omit reads with overall low quality 
(<30), sequences shorter than 50 bp were omitted. Combined assembly 
of all samples was performed using MEGAHIT 1.1.3 (Li et al., 2015). 
Despite high sequencing depth of the metagenome, only a few tens of 
predicted metagenome-assembled genomes (MAGs) were obtained that 
covered a small share of the total diversity (Nayfach et al., 2020). It was 
thus impossible to utilize MAGs for annotation or analysis purposes. 
Gene calling and annotation was performed using JGI Gold as well as 
using BLAST against all published fungal genomes available in January 
2018 (Grigoriev et al., 2014). Of these two, the taxonomic identification 
with a higher bitscore was used as the best hit. Genes encoding CAZymes 
were annotated using the dbCAN HMM database V6 (Huang et al., 
2018). CAZymes were grouped based on their participation in the uti-
lization of distinct C sources based on their classification to known 
CAZymes families (Lombard et al., 2014). For genes predicted in the 
metagenome and metatranscriptome assemblies, taxonomic annotations 
with a bitscore lower than 135 and functional annotations with e-values 
higher than 1e− 30 were disregarded. The phyla Chordata, Streptophyta 
and Coniferophyta were not analyzed. Functional analysis comprised 
metabolism, cellular processes, environmental information processing 
and genetic information processing. Metagenome and metatran-
scriptome data are available at IMG Integrated Microbial Genomes of the 
JGI DOE (Taxon object IDs 3300031708 and 3300032515 (Chen et al., 
2019)). 
Search parameters included a 20-ppm precursor mass tolerance dy-
namic modification of methionine (oxidation at +15.9949 Da), static 
modification of cysteine residues resulting from alkylation during sam-
ple preparation, and the inclusion of partially tryptic peptides. Protein 
abundances as the area under the curve of proteins with a false discovery 
rate (FDR) below 0.05 based on the propensity score matching (PSM) 
score. In total, 139,127 proteins were identified by our metaproteomic 
approach. Proteins assigned to Chordata were disregarded as those are 
likely either human origin or wrongly annotated. Proteins assigned to 
the plants Coniferophyta and Streptophyta were discarded from the 
microbiome analysis. The significance of treatment effects on total 
protein content, the relative abundance of ribosomal proteins, CAZymes, 
N cycling and general functionality on level 2 and level 3 KEGG 
Orthology from the different habitats were calculated based on the 
Tukey’s honestly significance difference (HSD) test (Tukey, 1949; 
Morrison et al., 2013). Numbers of proteins per time and habitat that 
were measured and annotated by taxonomy and function can be found 
in Table 1. 
3. Results 
3.1. Chemistry of litter, roots, and soil 
Litter showed a significantly higher pH (P = 0.0055 with H2O and 
0.0171 with KCl) than soil (Table 1). Total nitrogen was significantly 
higher in litter as compared to soil (P = 0.0003) where both ammonium 
and nitrate were comparable between the two habitats. Both total car-
bon (P = 0.0002) and organic carbon (P = 0.0011) was significantly 
higher in litter while carbonate carbon was higher in soil (P = 0.0726). 
Calcium (P = 0.0074), magnesium (P = 0.0020), and potassium (P =
0.0054) were all significantly higher in litter as compared to soil. Ni-
trogen content in the roots was significantly lower (P < 0.05) as 
compared to soil and litter. Otherwise, the carbon content in the roots 
was significantly higher than in soil but significantly lower than in litter 
(P < 0.05). Together, this resulted in significantly higher C/N-ratios in 
roots as compared to litter and soil (P < 0.05). 
3.2. Protein content and the relative abundance of ribosomal proteins, 
CAZymes and proteins related to N cycling 
Plant roots in September showed significantly (P < 0.05) higher 
protein counts compared to litter in March and September, which in turn 
contained significantly more proteins than found in plant roots in March 
as well as bulk and rhizosphere soil regardless the sampling time 
(Fig. 1a, Table 2). The relative abundance of ribosomal proteins from 
plants was significantly higher in spruce roots regardless the sampling 
time than in litter, bulk, and rhizosphere soil where the share of plant 
proteins was relatively low (Fig. 1b). In total, the ribosomal proteins 
from non-plant proteins made up approximately 0.5% in spruce roots, 
bulk, and rhizosphere soil and up to 2% in litter. The relative abundance 
of plant proteins assigned to CAZymes was significantly higher in spruce 
roots sampled in March compared to September and higher than in the 
other habitats regardless the sampling time. The relative abundance of 
non-plant CAZymes ranged from 0.2% in roots to 2.0% in rhizosphere 
soil. Plant proteins related to N cycling were significantly higher in roots 
regardless the sampling time but showed no significant contribution in 
litter, bulk, and rhizosphere soil. Non-plant proteins related to N cycling 
ranged from 0.02% in roots 0.87% in rhizosphere soil. 
3.3. Total and ribosomal microbial community composition, and its 
general functionality 
The total protein pool after the exclusion of the plant proteins was 
dominated by bacteria regardless of habitat and the sampling time with 
higher proportions of eukaryotes in roots and to a lesser extent in litter 
(Fig. 2). Particularly Proteobacteria, Actinobacteria and Acidobacteria 
were the dominant bacterial phyla. Archaeal proteins were most abun-
dant in bulk and rhizosphere soil during March, representing up to 0.2% 
and 0.1% relative protein abundance, respectively, but only 0.01–0.03% 
in the other habitats and sampling times. The fungal Basidiomycota and 
Ascomycota dominated among the eukaryotes regardless of the habitat 
or the sampling time, with a higher Basidiomycota-to-Ascomycota ratio in 
roots and litter without differences with sampling time. The composition 
of ribosomal proteins showed a much larger contribution of eukaryotes 
in roots, reaching approximately 65% of the total and in litter (up to 
50%). The ribosomal proteins were dominated by the fungi from the 
Basidiomycota and Ascomycota like the total proteins, but higher abun-
dances of Arthropoda were found particularly in roots. 
In total, 16 of the 19 most abundant level 2 KEGG categories and 22 
of the 26 most abundant level 3 categories showed significant differ-
ences between habitats in their relative contribution to the total prote-
ome (Fig. 3). Particularly on level 2, proteins involved in amino acid 
metabolism, cell growth and death, energy metabolism, signal trans-
duction, translation and transport and catabolism were highly abundant 
in roots. Rhizosphere soil showed high number of proteins involved in 
Table 1 
Chemistry of the litter, roots, and soil (each n = 5).   
Litter Roots Soil 
pH (H2O) 3.51 ± 0.05 n.d. 3.36 ± 0.07 
pH (KCl) 2.92 ± 0.02 n.d. 2.82 ± 0.06 
N (%) 1.82 ± 0.16 1.04 ± 0.04 1.22 ± 0.15 
N–NH4+ (mg kg− 1) 10.8 ± 4.12 n.d. 9.73 ± 2.68 
N–NO3- (mg kg− 1) 5.83 ± 1.17 n.d. 6.70 ± 1.20 
C (%) 50.3 ± 3.19 41.23 ± 0.94 29.2 ± 5.42 
COrg (%) 47.4 ± 2.94 n.d. 23.6 ± 7.55 
CCarbonate (%) 2.91 ± 1.29 n.d. 5.60 ± 2.45 
C/N-ratio 27.7 ± 3.18 39.64 ± 0.96 23.9 ± 5.44 
Ca (mg kg− 1) 504 ± 114 n.d. 235 ± 124 
Mg (mg kg− 1) 220 ± 39.7 n.d. 116 ± 30.5 
K (mg kg− 1) 490 ± 138 n.d. 171 ± 32.3 
n.d. – not determined due to insufficient mass. 
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biosynthesis of other secondary metabolites, carbohydrate metabolism, 
cellular community - prokaryotes and xenobiotic biodegradation and 
metabolism. In bulk soil, proteins related to cellular community - pro-
karyotes, xenobiotic biodegradation and metabolism, cell motility and 
membrane transport were highly abundant. Proteins involved in amino 
acid metabolism, cell growth, and death, cellular community - eukary-
otes, folding, sorting, and degradation, nucleotide metabolism, tran-
scription, transport and catabolism, and xenobiotic biodegradation and 
metabolism were abundant in litter. On level 3, proteins involved in C 
fixation in photosynthetic organisms, glycolysis/gluconeogenesis, nec-
roptosis, oxidative phosphorylation, and photosynthesis were abundant 
in roots. Proteins involved in citrate cycle, fructose and mannose 
metabolism, glycolysis/gluconeogenesis and quorum sensing were 
abundant in rhizosphere soil. Bulk soil showed high numbers of proteins 
related to ABC transporters, bacterial chemotaxis, flagellar assembly, 
fructose and mannose metabolism, quorum sensing and two-component 
system. Lastly, proteins involved in apoptosis, glycolysis/gluconeogen-
esis, glyoxylate and dicarboxylate metabolism, hippo signaling 
pathway, phagosome, purine metabolism, and pyrimidine metabolism 
were abundant in litter. 
3.4. Proteins involved in C and N cycling 
Most proteins assigned to CAZymes, involved in the utilization of 
complex C compounds, were assigned to Eukaryotes, with high 
Fig. 1. Count of protein groups identified by at least one unique peptide in logarithmic scale (a). The relative abundance of ribosomal proteins and of proteins 
affiliated to CAZymes or nitrogen cycling (b). Data with the same letter across all habitats for the protein count and within one habitat for the relative abundance is 
not significantly different according to the HSD test (P < 0.05). 
Table 2 
Number of measured proteins and proteins annotated by both a non-plant tax-
onomy with a bitscore lower than 135 and a function with an e-value below e− 30 
(each n = 3). In total, 1 g of litter and roots as well as 2 g of rhizosphere and bulk 
soil were used for protein extraction, but a final concentration of each 1 μg μL− 1 
extracted proteins was measured.   
Measured proteins Annotated proteins 
March September March September 
Litter 89,229 ±
7,095 














8,340 ± 310 1,509 ±
324 
1,629 ± 271 
Soil 28,002 ±
23,388 
16,280 ± 2,683 8,339 ±
8,979 
4,014 ± 1,079  
Fig. 2. The relative abundance of proteins of the most abundant phyla (excluding plants) in the forest topsoil in the total and the ribosomal protein pool. Eukaryotic 
phyla are shown in shades of red and bacteria in shades of blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
R. Starke et al.                                                                                                                                                                                                                                  
Soil Biology and Biochemistry 155 (2021) 108170
6
Basidiomycota abundances in bulk and rhizosphere soil as opposed to 
high Ascomycota abundances in roots and litter (Fig. 4a). The share of 
bacterial CAZymes ranged from approximately 15% in roots to 35% in 
rhizosphere soil and were dominated by the Actinobacteria. Different 
sources of C were targeted in each habitat. While the CAZymes targeting 
plant cell wall polysaccharides (lignin, cellulose, glucuroxylans, pectin, 
and galactomannans) represented as much as 68% of all CAZymes in 
roots and 58% in litter, their share in rhizosphere and bulk soil was only 
25% and 23% (Fig. 4b). Compounds of fungal origin (chitin, glucans, 
and glucomannans) were most frequently targeted in rhizosphere and 
litter (10% and 9% of CAZymes), but due to high variation, the differ-
ences among habitats were not significant. Highest utilization of cello- 
and xylooligosaccharides was observed in soil where they were targeted 
by 46% of CAZymes while their importance was low in the roots (15%). 
Both rhizosphere and soil were typical by a high share of CAZymes 
utilizing reserve compounds (starch, glycogen, and trehalose) that rep-
resented 30% and 24% of all CAZymes compared to only 11% in roots 
and 9% in litter. In roots, proteins involved in lignin degradation were 
more abundant in March, suggesting the utilization of roots that died 
during winter while pectin-targeting proteins were more abundant in 
September when mycorrhizal fungi colonized roots likely by dissolving 
their pectic middle lamellae (Fig. 4b). 
The recovered proteins involved in N cycling were mostly of bacte-
rial origin, with a share between 75% in roots to 95% in rhizosphere soil 
(Fig. 5a). Particularly the proteins of Proteobacteria were highly abun-
dant in all habitats. Acidobacteria showed higher relative abundance in 
litter and in roots (especially in September), while the proteins produced 
by Actinobacteria were abundant in roots, bulk soil, and litter. Eukaryotic 
proteins were mostly assigned to fungi, both Basidiomycota and Asco-
mycota. Functionally, spruce roots and litter were dominated by proteins 
involved in ammonia assimilation into organic molecules whereas pro-
teins involved in nitrification were most common in the rhizosphere soil 
and bulk soil, the latter showing higher share of ammonia assimilation 
(Fig. 5b). 
4. Discussion 
4.1. Remarks to the metaproteomic approach 
Generally, metaproteomic approaches yield thousands of proteins 
per sample (Kleiner, 2019). However, with the relative CAZymes 
abundance of up to 5% (Žifčáková et al., 2017) only tens to hundreds of 
proteins identified as CAZymes will be found per sample. This is the 
reason why protein abundances for CAZymes have not been reported 
until now. The total of 139,127 proteins recovered from four forest 
habitats in our study make it possible to generate sufficient absolute 
numbers of CAZymes proteins. Indeed, the relative abundance of 
CAZymes proteins depended on the habitat with 1.4 ± 0.4% in litter, 3.0 
± 0.1% in roots, 0.1 ± 0.0% in rhizosphere, and 0.2 ± 0.0% in soil. 
Noteworthy, the extraction of proteins from the four habitats must be 
taken into careful consideration as not only the total amount of proteins 
will differ in each habitat due to the relative importance of organisms 
from different domains reflected in different C and N content but also the 
sorption will change between the habitats as their matrices comprise of 
different molecules (Oonk et al., 2012). In fact, no pattern between the 
number of measured proteins and the C/N-ratios were visible between 
litter, roots, and soil, which indicated that the protein extractability is 
based on qualitative such as different C and N sources or different 
sorption properties in the environment rather than quantitative mea-
sures such as the total content of C and N in the environment (Table 1). 
Proteins related to the N cycling showed even lower relative abundances 
that would make it difficult to detect with smaller protein recovery, 
consistent with a previous study that showed only a few proteins related 
to N cycling in soil (Starke et al., 2016). Admittedly, the high number of 
identified proteins may derive from less stringent search parameters (20 
ppm precursor mass tolerance and 5% FDR). Using a stricter search 
parameter of 1% FDR reduced the number of peptide spectral matches 
from 1,401,092 (5% FDR) to 1,044,506 and the measured proteins 
dropped to 74,841. The FDR concept for protein identification was 
originally established for pure culture proteomics (Elias and Gygi, 
2007), allowing for the comparison between different mass spectrome-
ters and database search algorithms using a defined threshold of 1% 
(Barnouin, 2011). However, searches against large databases, such as 
the database used in this study, not only require long computation times 
Fig. 3. Dominant functional groups of proteins in the forest topsoil meta-
proteome grouped by habitats. The 19 most abundant KEGG categories for level 
2 and the 24 most abundant for level 3 are shown. The categories accounted for 
on average 98.5% and 60.7% of all level 2 and level 3 functions, respectively. 
Sampling times and replicates were combined for each habitat. Data with the 
same letter within one row is not significantly different according to the HSD 
test (P < 0.05). 
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but also decrease the number of identified proteins due to the over-
estimation of the FDR (Heyer et al., 2017). In fact, the limitation of the 
target-decoy controlled FDR approach in combination with large 
sequence databases in metaproteomics was responsible for missing 
valuable protein identifications (Muth et al., 2015) which makes FDR’s 
higher than 1% common in metaproteomic approaches (Keiblinger 
et al., 2012; Schneider et al., 2012; Bastida et al., 2014; Figarska et al., 
2018). That is why we believe that 5% FDR was a reasonable comprise 
for our study, but we also acknowledge that more stringent filtering on 
the probability scoring value does not only change the quantitative re-
sults but may also affect the qualitative results. Only 75.1% of the 
proteins were annotated by a taxonomy with high certainty, presumably 
due to the low number of fully sequenced and annotated genomes as 
they are mostly limited to those fungal and bacterial species that have 
undergone isolation and extensive characterization. Problematically, 
the vast majority of organisms were not yet studied (Pham and Kim, 
2012; Martiny, 2019) and the annotation is based on the similarity to the 
genomes of the very few studied model organisms. However, the com-
bination of metagenomes, metatranscriptomes and genomes of local 
microorganisms provided a comprehensive database that included 
fungal proteins, which are normally almost absent in metaproteomic 
data. Lastly, due to sequence homology between proteins, the annota-
tion of deeper taxonomic depths than order level is unreliable (Starke 
et al., 2018) which is why a trait-based functional classification of fungi 
was impossible as the guilds require at least species-level identification. 
4.2. The microbial community composition of the total and the ribosomal 
proteins 
Only the ribosomal proteins showed a much larger contribution of 
fungal proteins in spruce roots and abundances like the ones of bacteria 
in litter. The relative contribution of fungal proteins increased with 
increasing C/N-ratio of the surrounding environment, consistent with 
higher C/N-ratios reported for fungi as compared to bacteria (Paul and 
Clark, 1988; Harris et al., 1997). Ribosomal proteins are components of 
the translation apparatus of microbes and could therefore reflect their 
abundance or a combination of abundance and activity, considering that 
more active taxa likely contain more ribosomes (Baldrian et al., 2012). 
Due to the fact that the ribosomal proteome and the proteome showed 
similar patterns in Mediterranean semi-arid soils (Bastida et al., 2016), 
we exclude a differential production of ribosomes as compared to all 
proteins between bacteria and eukaryotes. The ribosomal proteome 
related better to the fungal dominance of transcripts found in the very 
same (Žifčáková et al., 2016) or similar ecosystems of coniferous forest 
soils (Bailly et al., 2007; Damon et al., 2012; Takasaki et al., 2013), 
which is in line with the role of fungi as the key players in the 
plant-root-microbiome. They not only regulate plant productivity and 
acquire limiting nutrients (Van Der Heijden et al., 2008), but also 
decompose recalcitrant organic polymers in the litter (De Boer et al., 
2005; Štursová et al., 2012). Noteworthy, we report similar activities 
between bacteria and fungi in litter as opposed to the dominance of 
fungi in the more decomposed litter of coniferous forest soils reported 
before (Ekblad et al., 2013). Among the eukaryotes, Annelida were also 
frequently found in the ribosomal proteins, highlighting the potential 
impact of larger eukaryotes that are generally disregarded in micro-
biome research. In fact, the role of microbes as predators or prey in the 
food-chain is generally neglected (Hall and Meyer, 1998; Haubert et al., 
2009; Halvorson et al., 2016; Anderson et al., 2017), even though 
terrestrial omnivores and carnivores were reported to contain proteins 
and lipids with microbial fingerprints before (Larsen et al., 2009; Arthur 
Fig. 4. The relative abundance of CAZymes of the most abundant phyla (excluding plants) in the forest topsoil (a), and the relative share of CAZymes assigned to 
target molecules (b). Eukaryotic phyla are shown in shades of red and bacteria in shades of blue. Chitin, glucomannans and glucans represent compounds of fungal 
origin, while galactomannans, glucuroxylans, pectin, cellulose lignin, cellobiose and xylobiose are components of plant cell walls or their degradation products and 
peptidoglycan is a component of bacterial cell wall. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
Fig. 5. The relative abundance of proteins involved in nitrogen cycling of the most abundant phyla (excluding plants) in the forest topsoil (a), and their functional 
distribution (b). Eukaryotic phyla are shown in shades of red and bacteria in shades of blue. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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et al., 2014; Dharampal and Findlay, 2016; Ohkouchi et al., 2017; 
Steffan et al., 2017). The large biomass combined with relatively low 
C/N-ratios (Swift and Boddy, 1984) of saprotrophic cord-forming ba-
sidiomycetes (Boddy and Watkinson, 2008) make this nutrient source 
attractive for these soil invertebrates (Pollierer et al., 2009). Here, we 
provide further evidence for the involvement of these animals in the 
plant-root-microbiome. However, the absolute protein numbers were 
not sufficient to allow for a specific functional assessment of topsoil 
invertebrates. 
4.3. The general and the specific functionality of the microbial community 
Most of the most abundant level 2 (84.2%) and level 3 KEGG func-
tions (84.6%) had significant (P < 0.05) differences between the habi-
tats, indicating a different functional profile of the microbial community 
depending on the location in the temperate coniferous forest. Not sur-
prisingly, the functions involved in bacterial motility, namely flagellar 
assembly and chemotaxis were significantly more represented in the 
proteome of soil, the habitat with the highest level of heterogeneity and 
scarce nutrients (Baldrian, 2017). The limitations of total C sources in 
soil as compared to litter and roots (Table 1), and with that presumably 
simple C sources as well are observed in the lower share of proteins 
involved in glycolysis compared to the other habitats. The importance of 
microbial sensing in soil (and rhizosphere) is supported by the elevated 
level of proteins involved in Quorum sensing (QS) [PATH:ko02024] as 
the ability to detect and to respond to population density by gene 
regulation (Bassler, 1999). QS bacteria release chemical signal mole-
cules, so-called autoinducers (AI), which increase in concentration as a 
function of cell density. Indeed, autoinducer-2 kinase [EC:2.7.1.189] 
and AI-2 transport system substrate-binding protein were among the 
most abundant QS proteins (more information on the abundance of 
specific QS proteins can be found in the supplementary information, 
Table S1). 
Fungi dominated the C cycling in each of the four habitats regardless 
the sampling time mainly targeting cello/xylobiose, cellulose, glucur-
oxylans, lignin, pectin and starch/glycogen, which corresponds with 
their estimated share on transcription in the same coniferous forests 
(Žifčáková et al., 2017) and to the proteomic analysis of decomposing 
beech litter (Schneider et al., 2012). All these lines of evidence support 
the expected major role of saprotrophic fungi in the decomposition of 
recalcitrant organic polymers (De Boer et al., 2005; Štursová et al., 
2012). The dominance of fungi in the utilization of complex carbohy-
drates such as cellulose and lignin is in line with the better adaption of 
fungi to decompose recalcitrant plant biopolymers (Van der Wal et al., 
2013). Similar to the metatranscriptomic approach, Acidobacteria, Pro-
teobacteria, Bacteroidetes and Actinobacteria were the most abundant 
bacterial producers of CAZymes (Žifčáková et al., 2017). These phylo-
types are known to be common in acidic forest topsoil (Žifčáková et al., 
2016) and especially the members of the Acidobacteria and Bacteroidetes 
seem to be potent degraders of biopolymers of plant and fungal origin in 
forest topsoil (Lladó et al., 2016, 2019). 
Our results also indicate that there are differences in the sources of C 
between the habitats as the spectra of genes that encode for 
carbohydrate-active enzymes differ. Forest litter is rich in various 
recalcitrant plant biopolymers and supports the activity of those mi-
croorganisms that are able to attack them as seen from a large propor-
tion of proteins targeting plant cell wall (Johansson, 1995; Rumpel et al., 
2002; Lorenz et al., 2007; Štursová et al., 2020). These proteins were 
also found abundant in the roots, though the reason is less obvious. The 
probable explanation is that the proteins degrading plant cell walls in 
roots either attack dead roots or serve ectomycorrhizal symbionts to 
colonize root tips. The latter would be supported by the observed in-
crease of proteins related to pectin decomposition in September 
(Fig. 4b), the peak of ectomycorrhizal activity (Žifčáková et al., 2016). 
The soil and rhizosphere habitats are rather typical by the high share of 
proteins involved in utilization of C containing reserve compounds (e.g., 
starch, glycogen, trehalose), which may indicate fluctuations in C supply 
in these environments including the seasonal activity of roots. The 
ability of microbes to store C and utilize these resources may be an 
adaptation to these fluctuations (Žifčáková et al., 2017). 
In line with the hypothesis that different microbes are involved in C 
and N cycling (Starke, 2017) due to their inverse CUE/NUE relationship 
(Mooshammer et al., 2014), bacteria dominated the N cycling in each 
habitat (more information on the abundance of specific proteins for each 
N cycling process can be found in the supplementary information, 
Table S2). Acidobacteria showed higher abundances in litter and roots, 
and seem to be associated with higher abundances of proteins related to 
ammonia assimilation, consistent with the previously reported positive 
correlation of the phylotype with mineral N contents (Ruppel et al., 
2007; Hayatsu et al., 2008). Indeed, acidobacterial communities were 
more abundant and underwent significant structural changes in girdled 
plots (Rasche et al., 2011) in which the uptake of available nutrients 
such as ammonia or nitrate by trees is prevented (Högberg et al., 2001). 
In rhizosphere and bulk soil, nitrification was the most abundant process 
indicated by hydroxylamine dehydrogenase (hao, K10535) and three 
methane/ammonia monooxygenases (pmoA, K10944; pmoB, K10945 
and pmoC, K10946). Ammonia oxidation, the first step in nitrification, is 
crucial for the global N cycle (Pratscher et al., 2011) and is predomi-
nantly performed by bacteria in soil (Kowalchuk and Stephen, 2001). 
Consistently, bacteria dominated proteins involved in N cycling 
regardless the habitat. The contrast between high nitrification in bulk 
and rhizosphere soil and the importance of the incorporation of 
ammonia into organic acids in litter and roots demonstrated a diver-
gence between the habitats. While the relatively high abundance of NH4+
in bulk and rhizosphere soil allows its energetic use, different C/N-ratios 
in litter and roots allow for the preferential incorporation into the living 
biomass. Consistent with the lower C/N-ratios reported for soil samples 
as compared to litter in this temperate coniferous forest (Žifčáková et al., 
2016), our data showed a similar trend of lower C/N-ratios in soil as 
compared to litter and roots (Table 1). 
This metaproteomic analysis of major habitats in a temperate forest 
topsoil demonstrated the importance of both bacterial and fungal taxa. 
Consistent with our first hypothesis, fungal proteins dominated the 
decomposition of recalcitrant biopolymers in litter while bacterial pro-
teins were more abundant in rhizosphere and soil, consistent with higher 
C/N-ratios in litter and roots than in soil. A niche differentiation be-
tween bacteria and fungi in N and C cycling, respectively, was unveiled. 
Consistent with our second hypothesis, a higher number of proteins 
related to ammonium assimilation was detected in litter as opposed to 
proteins related to nitrification in rhizosphere and soil. The meta-
proteome composition suggests that each of the studied habitats has 
specific features with the most distinct separation between soil and 
rhizosphere on one side, and litter and plant roots on the other side. 
While the latter habitats provide an essentially unlimited amount of 
complex C sources, their use may be limited by N availability. Our re-
sults indicate sufficient levels of N enabling nitrification but probably 
lower and fluctuating availability of C compounds. Despite limitations, 
metaproteomics seems to be suitable for the analysis of microbiome 
composition and its functionality, allowing a better functional focus 
than metagenomics while reducing the potential limitations of meta-
transcriptomics due to changes in expression over time or quantitative 
accuracy of sequencing (Feinstein et al., 2009; Hungate et al., 2015). 
Admittedly, the relative importance of fungi in the eukaryotic proteins 
was likely driven by the fungal-based database and further studies need 
to confirm the results with respect to other eukaryotes such as annelids 
and arthropods. 
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